Abstract: Changes in runoff parameters are very important for Slovakia, where stream-flow discharges, being supplied by precipitation and groundwater runoff, are preferentially influenced by climatic conditions. Therefore, teleconnections between runoff parameters, climate parameters and global atmospheric drivers such as North Atlantic Oscillation, Southern Pacific Oscillation, Quasi-biennial oscillation and solar activity were studied in the Nitra River Basin, Slovakia. Research was mostly based on records of 80 years for discharges and baseflow, and 34 years for groundwater heads. Methods of autocorrelation, spectral analysis, cross-correlation and coherence function were used. Results of auto-correllograms for discharges, groundwater heads and base flow values showed a very distinct 11-year and 21-year periodicity. Spectrogram analysis documented the 11-year, 7.8-year, 3.6-year and 2.4-year periods in the discharge, precipitation and air temperature time series. The same cycles except of 11-years were also identified in the long-term series of the North Atlantic Oscillation and Southern Pacific Oscillation indices. The cycle from approximately 2.3 to 2.4-years is most likely connected with Quasi-biennial oscillation. The close negative correlation between the North Atlantic Oscillation winter index and the hydrological surface and groundwater parameters can be used for their prediction within the same year and also for one year in advance.
INTRODUCTION
Multiannual variability is a very important topic in many studies around the world at present, especially in connection to its possible use in predicting the future development of precipitation and river flows as showed by Wanner et al. (2001) , Saris et al. (2010) , Lavers et al. (2010) , Fritier et al. (2010) , Pekarova et al. (2003 Pekarova et al. ( , 2006 Pekarova et al. ( , 2010 and others.
The global climate drivers were studied by Burt and Howden (2013) who identified the impact of large-scale climatic variability in the North Atlantic region on seasonal rainfall and river flow across the British Isle. They showed how North Atlantic Oscillation (NAO) dramatically increases orographic enhancement of upland precipitation. Hannaford et al. (2013) documented that recent (post-1960) positive trends of streamflows in northern Europe are not present in longer records, due to decadal variations influenced by the NAO. The inter-annual variability of daily rainfall erosivity in NE Spain during the period , and its connection with atmospheric circulation patterns influencing rainfall in the region, namely the North Atlantic Oscillation, the Mediterranean Oscillation (MO) and the Western Mediterranean Oscillation (WeMO), was studied by Angulo-Martínez and Beguería (2012) . They found that the erosive power of rainfall is stronger during negative phases of the three atmospheric circulation indices, and weaker during positive conditions.
The changes in the runoff conditions of Polish rivers in the two NAO stages and their spatial diversity were determined by Wrzesiński (2011) based on the differences between runoff observed in the years of exceptionally high (NAO DJFM > 2.0) and low (NAO DJFM < -2.0) values of the winter NAO index. The results indicate that the influence of the NAO on the runoff of Polish rivers is diverse in terms of time and space.
De Linage et al. (2013) studied results of ten years of Gravity Recovery and Climate Experiment (GRACE). Values of the terrestrial water storage anomalies (TWSAs) over tropical South America along with seven climate indices linked to equatorial Pacific and tropical Atlantic oceans sea surface temperatures (SSTs) were assessed by a multichannel singular spectrum analysis and by lagged cross correlations. Comparison of the relative distributions of the leading modes helped to identify teleconnections between TWSAs, Pacific and Atlantic SSTs at different time periods. A quasi-biennial mode explains the largest part (27%) of the residual, inter-annual cross covariance and is found both in the El Niño-Southern Oscillation and in the Atlantic meridional mode. A trend-like mode explains the second largest part (24%) of the residual cross covariance and may be caused besides others also by the decadal variability in the North Pacific climate, as expressed by the negative trend in the Pacific decadal oscillation.
The main aim of this study is to analyze the teleconnections between runoff parameters and global atmospheric drivers such as North Atlantic Oscillation, Southern Pacific Oscillation (SO), Quasi-biennial oscillation (QBO) and solar activity in the Nitra River Basin in Slovakia. Inter-relationships were also studied between precipitation and air temperature with these global drivers to form a basic picture of their long-term development. Surface and groundwater parameters in the Nitra River Basin were lately studied by Fendekova and Fendek (2012) , Machlica et al. (2010) , Van Loon et al. (2010) mostly in connection to drought research.
The present research was established mostly on a discharge time series length of 80 years, representing the period 1931-2010. Shorter time series were used for groundwater head data . Methods of autocorrelation, spectral analysis, cross-correlation and coherence function were employed.
STUDY AREA
The Nitra River Basin is situated in the western part of Slovakia covering an area of 4,501.1 km 2 as seen in Fig. 1 ). The upper part of the basin is bordered by the Strazovske vrchy Mts. in the west, by the Mala Fatra Mts. in the north, the Ziar Mts. in the northeast and the Vtacnik Mts. in the east. The Tribec and Pohronsky Inovec Mts. create the eastern border in the central part of the basin. The lower part of this basin has lowland character with the occurrence of some hillylands dividing the Nitra and Hron River Basins in the east.
The upper part of the catchment has a complicated preQuaternary geological structure (crystalline core mountains with carbonate envelopes, Neogene volcanic and sedimentary rocks), covered by alluvial sediments in the river valleys, and slope sediments on the mountain foothills. The central and lower part of the basin is flat, filled with sandy and clayey sediments and covered by 5-15 m thick sediments of alluvial plains (Fendekova and Fendek, 2012) .
The climate in the basin is typical for Central European larger intra-mountainous depressions and lowland areas, covering the whole range of climatic regions from warm through moderately warm up to cold, depending on the altitude (Landscape Atlas of the Slovak Republic, 2002). According to the Köppen -Geiger classification, the basin has a moderately warm, humid continental climate (Köppen-Geiger climate Dfb). The average altitude is 372 m a.s.l. with the lowest level of 108 m a.s.l. at the closing profile at Nove Zamky and the highest of 1346 m a.s.l. at Vtacnik mount. The average annual areal precipitation was 689.6 mm in 1916-2010, minimum was equal to 467 mm in 1917 and maximum to 1081 in 2010. The long-term annual precipitation decreases from about 1000 mm in the upper part of the basin to 550 mm in the lower part. The average annual runoff was 141 mm and the evapotranspiration 548 mm. The runoff coefficient is equal to 0.204. The average annual air temperature was 10.1°C at Hurbanovo station. All climatic elements vary spatially depending on altitude and season.
MATERIAL AND METHODS
The data on precipitation, air temperature, streamflow discharges, baseflow and groundwater heads in monthly intervals, the NAO and SO index values and Wolf numbers were the input data utilized for analysis.
Six precipitation gauging stations ( Fig. 1 ) with a time-series length of 110-years (1901-2010) were used for calculation of the areal precipitation by precipitation gradient approach. The temporal development of air temperature values was assessed using the Hurbanovo meteorological station data .
The daily discharges from five gauging stations with the longest observation time-series were analyzed. The gauging profiles were: (1) Nedozery (1941 Nedozery ( -2010 in the upper part of the catchment which has the character of a near-natural catchment, (2) Nitrianska Streda (BF30) were derived from the discharges by the BFI+3 program (Gregor, 2011) based on the local minimum method (Institute of Hydrology, 1980) . The 30-day blocks were used for estimation of turning points (Tallaksen and Van Lanen, 2004 ) enabling separation of the base flow from the direct runoff. The value of Q 97 was also used as the groundwater runoff parameter. This value represents the discharge, reached or surpassed in 97% of the hydrological year's duration representing approximately 355 days and labelled as Q 355 . It is considered that this of Q 355 value represents conditions during which the stream flow is fed only by groundwater runoff. Q 97 values were estimated by construction of a flow-duration curve for each year of the entire observed period, and separately for the winterspring period (November-April) and summer-autumn period (May-October). These values were taken to create a derived time series of Q 97, representing the groundwater runoff in the winter-spring and summer-autumn periods. Data from monitoring well No. 256 in Nedozery (Fig. 1 ) in a weekly step were at the disposal, groundwater heads were expressed in m a.s.l. The well is located in the left side alluvial plain of the Nitra River, about 1650 m downstream the gauging profile in Nedozery.
The winter (December through March) index of the NAO based on the difference of normalized sea level pressures (SLP) between Lisabon, Portugal and Stykkisholmur/Reykjavik (Iceland) since 1865 was used in the study according to Hurrell and National Center for Atmospheric Research Staff (2013) .
Seasonality and its changes were studied using average monthly data. The analysis of long-term data of hydrological and meteorological variables was followed by the analysis of the time series of average yearly values using autocorrelograms, spectrograms, cross-correlation and coherence analyses in order to assess the influence of global climate drivers on the multi-annual variability in local hydrometeorological data.
The homogeneity of the time series was assessed using the software package AnClim (Stepanek, 2003; Stepanek et al., 2009) . Changes in the mean values and variance were tested with standard tests (Student's t-test, Worsley Likelihood Ratio Test, Mann-Whitney-Pettit Test, Standard Normal Homogeneity Test). Some statistical tests and procedures used within this study are based upon the normality requirement of the tested series. Therefore the Χ 2 and the Kolmogorov-Smirnov tests were used to test the distribution normality of the annual discharge series.
Multiannual variability within the time series was studied by means of autocorrelation. The most significant periods were identified by using periodograms and Blackman-Tukey power spectrum (Herrmann and Egger, 1980) . Spectral analysis was studied by means of the MESA method (Pekarova and Pekar, 2007) and long periods were identified using combined periodograms (Pekarova et al., 2010) .
Cross-correlograms and coherency coefficients were used to identify the teleconnections of the annual discharges of the Nitra River, annual baseflow values and groundwater heads with the North Atlantic Oscillation (NAO) and the Southern Oscillation (SO) phenomena, as well as the solar activity. The independence between the data series for the period 1931-2005, with lag up to ± 30 years, was tested. Cross-spectral analysis was performed on the basis of the same pairs of time series for this identical purpose.
RESULTS AND DISCUSSION
Precipitation data from five precipitation gauging stations with a time series length of 110 years and one with 140 years' length (Hurbanovo, 1871 (Hurbanovo, -2010 were used in order to assess precipitation long-term variability. The long-term course of average areal annual precipitation on Nitra Basin and runoff at the Nove Zamky station (the closing profile of the basin) is shown in Fig. 2 left. The relationship between annual averages of precipitations and annual runoff is depicted in Fig. 2 , right.
Homogenization of time series is widely recognized to be an important step in the process of constructing reliable long-term data sets from original climate observations. The Hurbanovo meteorological station is one of the oldest stations in Europe. For example, the test characteristics Ti of the Standard Normal Homogeneity Test (SNHT) of annual precipitation totals for shift in mean level (Alexandersson, 1986; Alexandersson and Moberg, 1997) was just above their critical value 9.35 on the 95% significance level in year 1966 (Fig. 3a) . The test characteristics of the changes in standard deviation are similar. Actually, "absolute homogeneity" of long time series is always questionable. The non-homogeneity may result from change in the long-term trend, as it is shown in Fig. 3b . The long-term development of monthly precipitation at the Hurbanovo station shows a decrease of app. 50 mm within period 1871-1976 and an increase within 1977-2010 period. The precipitation began to increase from the early eighties of the last century, in the summer-autumn period. The data on air temperatures at Hurbanovo meteorological station (Fig. 3c) were analyzed because there were only much shorter time series available for the other meteorological stations in the basin. Ten-year averages were used for the evaluation of the air temperature time development during the last century and the beginning of the current one. The increase in air temperatures has been more intense since 1991. The air temperature at Hurbanovo station has increased in 1.3°C during the last 140 years (1871-2010).
Temporal changes in river discharges
The long-term development of annual and seasonal discharges at the assessed discharge gauging stations brought following results. Almost no long-term trend and no seasonality differences can be observed in the Nove Zamky station (the closing profile of the Nitra River Basin) between the 1931-1960 and 1981-2010 periods, as depicted in Fig. 4 . On the other hand, there is a visible change in seasonal components in the Nedozery profile in the upper part of the Nitra catchment (Fig. 5, right) . Here, the highest discharges in the second period are shifted from April to March, while the discharges in the winter months (November to February) became lower than in the period 1931-1960. There was no change in the seasonal course of discharges noted in the remaining three evaluated stations (Fig. 4) .
A distinct decrease in discharges on both tributaries can be seen, with the Bebrava River and the Zitava River. Only a slight increase in the average discharges for the Nitrianska Streda profile in the central part of the basin was observed in March, November and December. -1900 1901-1910 1911-1920 1921-1930 1931-1940 1941-1950 1951-1960 1961-1970 1971-1980 1981-1990 1991-2000 2001-2010 Ta 
Temporal changes in groundwater parameters
Base flow (BF30) data analysis showed that there is a decreasing trend of base flow values visible in Fig. 5 . The decrease was found in both, the winter-spring and summer-autumn periods in the Nedozery profile. There is no change in seasonality within the two different time periods of 1946-1975 and 1981-2010 , but the decrease within the second period is quite distinct (Fig. 5 right) .
Analysis of the weekly groundwater head data showed that the groundwater head varies between 283.12 m a.s.l. and 285.05 m a.s.l., with the long-term value being 283.68 m a.s.l. No significant trend for the whole observed period 1971-2010 was found (Fig. 5) . The temporal development of heads in the winter-spring and summer-autumn periods recorded a similar finding.
The seasonality of groundwater head shows a monthly shift compared to the discharge seasonality in the nearest profile in Nedozery. The maximum heads period is shifted to April and the minimum values period to October (Fig. 6) .
Inter-relationships between local hydrometeorological data and global atmospheric drivers
The analysis of auto-correlograms constructed for yearly discharge values showed a distinct 11-year and 28-29-year dependency (Fig. 7) . The auto-correlogram of precipitation also showed the 14-year cycle, as well as both the previously mentioned periods.
Because the multiannual cycles do not have their origin in the annual revolution of the Earth around the Sun, we cannot assume that these can be distinguished using auto-correlograms. Therefore the spectral analysis was used. Results from the standardized auto-correlogram and spectrogram for discharges (Q) in the Nitra-Nove Zamky closing profile showed the most distinct period of a length of 11 years, other periods of 7.8, 3.6 and 2.4 years were also distinguished. These same periods were distinguished in time series of precipitation, air temperatures, Southern Pacific Oscillation index (SOi) and North Atlantic Cross-correlation analysis together with spectrograms enabled identification of the time shift between single phenomena. Results for discharges in the central (Nitrianska Streda) and lower (Nove Zamky) parts of the catchment are shown in Fig. 8a and 8b , for NAOi and the air temperature in the central part of the basin in Fig. 8c and 8d , for NAOi and the areal precipitation in Fig. 8e and 8f . The last two figures (8g and 8h) show the clear relationship between discharges in Nove Zamky and solar activity within the 11-year periodicity as expressed in Wolf relative numbers.
Cross-correlograms applied on groundwater parameters showed the clear correlation between the winter NAOi (FM: February-March), according to Hurrell (Hurrell and Deser, 2009 (Fig. 9) . Results obtained for the last 15-year series are better than those for the last 30-year period. Although the latter are more objective, both are statistically significant on the significance level of 0.05. Results obtained for BF30 were statistically significant at the statistical significance level of 0.05 for the last 15-year period. Results for Q 97 were less representative, except of Nove Zamky profile, where correlation for the last 15-year period was also statistically significant at the same level of 0.05 (95%).
There is a negative correlation between the winter NAOi according to Hurrell and discharges and groundwater heads within the one-year time shift, as evident in Fig. 9 .
High cross-correlation can be used for prediction of discharges and groundwater heads using the winter NAOi according to Hurrell. Similar results were also achieved for Q 97 for both the winter and summer periods. It means that in the years with the high Hurrell winter NAOi, drought can be expected. Because of autocorrelation pattern, this could be used also for prediction in one year ahead.
Coherence analysis enables us to express the measure of correlation between two time series. An important correlation at the 0.01 significance level was proven between air temperature and the NAOi for frequencies at 3.6 and 11 years. The following correlations were also documented (1) between precipitation periodicity and the NAOi for 2.8 years and for 3.6 years (significant at 0.05 level), (2) between precipitation and SOi for the frequency of 2.4 years (significant at 0.01), (3) between discharges at Nitrianska Streda in the central part of the basin and NAO index for the 2.8-year cycle (significant at 0.01), and for the 3.6-year cycle the significance was 0.05. No correlation between NAOi and SOi was found.
Similar periodicities for 3.6 years were found by Pekarova et al. (2010) for Bela River discharges, while periodicities for 2.35 and 3.6 years were documented by Rysava et al. (2008) for precipitation, Hron River discharges and groundwater heads in the Zvolen Basin in Slovakia. The 3.6-year cycle has already previously been documented for the SO, NAO and AO winter index series (Pekarova et al., 2010) .
Results for relation of local hydrometeorological data to SOi were less expressive in all cases. 
CONCLUSIONS
The results proved the influence of global climate drivers on precipitation, air temperature, discharges, baseflow and groundwater heads in the study area of the Nitra River Basin. The influence of solar activity was proved by the results of auto-correlograms for discharge time series during the1931-2005 period which showed very distinct 11-year and 21-year periodicity. The same is true for the groundwater head and base flow data. As well as having these periodicities, precipitation data also exhibited a 14-year cycle. Spectrogram analysis documented 11-year, 7.8-year, 3.6-year and 2.4-year periods in discharge, precipitation and air temperature time series. The 7.8-and 3.6-year cycles were also identified in the long-term series of North Atlantic Oscillation and Southern Pacific Oscillation indexes. The cycle determined at 2.3-2.4-year is most likely connected with the Quasi-biennial oscillation. Finally, the close negative correlation between the North Atlantic Oscillation winter index according to Hurrell and the local hydrological surface and groundwater parameters in the Nitra River Basin can confidently be utilized for their prediction within the same year and also for one year in advance.
